Antigen-specific activation ofT lymphocytes, via stimulation of the T-cell antigen receptor (TCR) 
gested that the second messenger inositol 1,4,5-trisphosphate (IP3) produced after TCR stimulation binds to the IP3 receptor (IP3R), an intracellular Ca2+-release channel, and triggers the increase in [CaZ+1 that activates transcription of the gene for T-cell growth factor interleukin 2 (IL-2). However, the role of the IP3R in T-cell signaling and possibly in plasma membrane Ca2+ influx in T cells remains unproven. Stable transfection of T cells (Jurkat) with antisense type 1 IP3R cDNA prevented type 1 IP3R expression, providing a tool for dissecting the role of IP3 signaling during T-cell activation. T cells lacking type 1 IP3R failed to increase [Ca2+J1 or produce IL-2 after TCR stimulation. Moreover, depletion of intracellular Ca2+ stores without TCR activation stimulated Ca2+ influx in cells lacking the type 1 IP3R. These results establish that the type 1 IP3R is required for intracellular Ca2+ release that triggers antigen-specific T-cell proliferation but not for plasma membrane Ca2+ influx.
Antigen-specific activation of T lymphocytes initiates a series of signal-transduction events fundamental to immune responses that protect the host against intracellular pathogens. T-lymphocyte activation, via the T-cell antigen receptor (TCR) requires an increase in intracellular free Ca2+ concentration ([Ca2+] ,), which is due to both a rapid transient release of intracellular Ca2+ and a subsequent prolonged influx of Ca2+ from the extracellular compartment (1) (2) (3) . This increase in [Ca2+] i has been linked to T-cell responses, including the transcriptional activation of the gene for T-cell growth factor interleukin 2 (IL-2). However, direct evidence showing that the increase in [Ca2+] , is dependent on inositol 1,4,5-trisphosphate (IP3) and the IP3 receptor (IP3R) in T cells has been lacking.
An early event in the T-cell activation signaling pathway is phosphorylation of phospholipase Cy by tyrosine kinases (4), resulting in production of the second messengers IP3 and diacylglycerol (DAG) (reviewed in ref. 5) . DAG activates protein kinase C (PKC). IP3 binds to its receptor, an intracellular Ca2+-release channel on the endoplasmic reticulum (ER) of human T lymphocytes (6) , and presumably induces Ca2+ release that triggers plasma membrane Ca2+ influx and subsequent T-cell activation (7, 8) .
Recently we cloned the 9.5-kb cDNA encoding the type 1 human T-lymphocyte IP3R with a predicted molecular mass of 308 kDa (6) . We used the most 5' 2.9 kb of the human type 1 IP3R antisense cDNA to stably transfect Jurkat (human lymphoma) cells and block expression of the IP3R. In T cells lacking the IP3R, no increase in [Ca2+] , was observed after stimulation of the TCR. However, transcription leading to expression of both early (CD69) and late (IL-2) markers for
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T-cell activation was intact when stimulated via non-TCRdependent pathways. Moreover, capacitative Ca2+ entry, stimulated by depletion of intracellular stores, was also intact in cells lacking type 1 IP3R.
METHODS
Blocking Expression of the IP3R in Jurkat Cells. The 5' 2.9 kb (from nucleotide position -247 to 2592) of the gene for human type 1 IP3R cDNA (designated ITPR1) (6) was cloned into the pREP10 vector in the antisense orientation and into the pREP7 vector in the sense orientation. Transfections of 5 ,ug of each plasmid into Jurkat cells were performed by using 5 ,ug of N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate (DOTAP; Boehringer Mannheim) per ml. Stable transfectants were selected by using hygromycin (2 mg/ml). For all experiments, the following transfection controls were performed: (i) sense IP3R DNA with an insert of the same 2.9-kb fragment of 5' type 1 IP3R and (ii) sense and antisense vectors with no insert. Jurkat cells were grown in RPMI 1640 medium containing 5% (vol/vol) fetal bovine serum (FBS), 100 units of penicillin per ml, and 100 ,tg of streptomycin per ml. Medium was changed every 48 hr. The anti-IP3R antibody used in this experiment was raised against a synthetic peptide corresponding to the carboxyl-terminal 10 amino acids of the type 1 IP3R. A second anti-IP3R antibody raised against a synthetic peptide corresponding to amino acid residues 2652-2663 of the type 1 IP3R gave identical results. Both antibodies were raised in rabbits as described (9) . Permeabilized (100% methanol for 5 min at room temperature) or nonpermeabilized Jurkat cells were treated with affinitypurified anti-IP3R antibody at 1:10,000 dilution. Cells were washed three times in phosphate-buffered saline (PBS) containing 2% FBS, followed by incubation with goat anti-rabbit IgG conjugated to fluorescein isothiocyanate (FITC). Cells were washed and fixed in 1% paraformaldehyde. Three thousand cells were analyzed for each sample by using a FACS analyzer (Coulter). Cells incubated with either preimmune rabbit serum or secondary antibody alone served as negative controls. Staining Jurkat cells with an antibody preabsorbed with the antigenic peptide gave no signal above background, indicating the specificity of the antibody for the IP3R. No signal was seen when nonpermeabilized Jurkat cells were stained with either anti-IP3R antibody because the epitopes are intracellular (6 Experiments with an anti-CD3 mAb that recognizes the TCR-CD3 complex showed that both wild-type and IP3R antisense transfectants expressed normal levels of TCR (Fig. 1 Right) . Activation of the TCR in wild-type Jurkat cells with the anti-CD3 mAb resulted in a rapid increase in [Ca2+]i due to both an initial intracellular Ca2+ release followed by a sustained Ca2+ influx (n = 16, Fig. 2 UpperLeft). The initial, rapid increase in [Ca2 ]j, but not the subsequent sustained Ca> influx, was present in Ca2+-free solution (n = 9; e.g., Fig. 2 UpperRight). In Jurkat cells lacking the IP3R, there was neither release of intracellular Ca2+ nor Ca2+ influx in response to anti-CD3 (n = 20, Fig. 2LowerLeft ). This lack of Ca2+ flux was specifically due to transfection with IP3R antisense cDNA because the sense construct corresponding to this same IP3R sequence had no effect on intracellular Ca>2 release (n = 7), nor did either sense (n = 4) or antisense vectors (n = 9). These data indicate that the IP3R is essential for anti-CD3 mAbactivated intracellular Ca>2 release and for the subsequent Ca> influx.
To determine whether the IP3R itself was the channel for plasma membrane Ca2+ influx in T cells or whether depletion of intracellular stores independent of the IP3R, was sufficient to trigger Ca>2 influx, we used thapsigargin to deplete the intracellular stores in Jurkat cells that lack the IP3R. Thapsigargin is an inhibitor of the ER Ca2+-ATPase and has been shown to trigger Ca2+ influx across the plasma membrane in the absence of TCR activation (11). Thapsigargin does not stimulate IP3 production (12) . In IP3R antisense cDNAtransfected T cells, thapsigargin released intracellular Ca>, demonstrating that the ER pool of Ca>2 was intact (Fig. 2 Lower Right). In cells that lacked the IP3R, depletion of intracellular Ca2+ stores with thapsigargin-activated the influx of Ca2+ across the plasma membrane (Fig. 2LowerRight) . This 
This result shows (i) that the lack of Ca2+ influx during T-cell activation in the IP3R antisense cDNA transfectants was due to inability to deplete IP3-sensitive intracellular Ca2+ stores because of the lack of the IP3R, and (ii) that the IP3R is not the plasma membrane Ca2+ influx channel in T cells.
Our current data support the capacitative model for Ca2+ entry in nonexcitable cells in which Ca2+ influx across the plasma membrane is coupled to depletion of intracellular stores (13, 14) . The signal connecting the depletion of intracellular Ca2+ stores to plasma membrane Ca2+ influx has not been established. It has also been proposed that IP3 is the second messenger that directly stimulates Ca2+ influx across the plasma membrane, possibly via the IP3R itself (15, 16) or via a structurally unrelated Ca2+ channel in the plasma membrane (17) . The present study shows that the type 1 IP3R is not the plasma membrane Ca2+ influx channel during T-cell activation. Moreover, it has been suggested that a conformational change in the IP3R, induced by emptying of the ER Ca2+ pool, may lead to the opening of a plasma membrane Ca2+ channel (18) . Our data show that capacitative Ca2+ entry is intact in cells lacking the type 1 IP3R and argue against a role for the type 1 IP3R in communicating between the ER and the plasma membrane as proposed in the "conformational coupling hypothesis" (19) . Two recent studies have suggested that a diffusible second messenger is involved in triggering plasma membrane Ca2+ influx (20, 21 (22) . In the nucleus the cytoplasmic subunit of NF-AT associates with the nuclear subunit (Fos and Jun) and activates transcription of the gene for the T-cell growth factor IL-2. IL-2 production, therefore, is Ca2+ dependent and is required for T-cell proliferation. In IP3R antisense cDNA-transfected T cells, no IL-2 production was detected after TCR activation with anti-CD3 mAb (0.25-2.0 j,g/ml) (e.g., Fig. 3 Left). IP3R sense transfectants produced normal levels of IL-2 (data not shown). lonomycin (a Ca2+ ionophore) plus PMA (an activator of PKC), a combination that activates T cells by bypassing the TCR (1, 23) , induced normal levels of IL-2 production (Fig. 3 Left) in both control and in IP3R antisense transfectants. PMA with anti-CD28 antibody activates T lymphocytes via a TCRindependent pathway (24, 25) . In antisense IP3R transfectants, PMA combined with anti-CD28 antibody resulted in the same level of IL-2 production as in control wild-type cells (Fig. 3 Left). This result indicated that the IP3R-independent components of the T-cell activation pathway were intact in the IP3R antisense cDNA transfectants.
Jurkat cells lacking IP3R exhibited an -75% decrease in the rate of serum-stimulated cell growth ( Fig. 3 Right) ; however, cell viability was not altered. The finding that the lack of the IP3R slows cell growth supports the hypothesis that IP3R-mediated Ca2+ signaling may play a role in regulating cell growth and in T-cell activation (19) . However, unlike antigenspecific T-cell activation via the TCR, which was completely dependent on the IP3R, lack of the IP3R only partially inhibited cell growth. This finding suggests that signal transduction for serum-stimulated cell growth occurs via more than one sig- (28, 29) . CD69 was detected 12 hr after activation with anti-CD3 mAb in control cells (Fig. 4A) . No (Fig. 4 C and D) . PMA with anti-CD28 mAb induced CD69 expression to the same degree in control wild-type cells (Fig. 4E ) and in IP3R antisense cDNA transfectants (Fig. 4F) . Taken 
